Glyphosate (GLY) is the active ingredient of Roundup ® and it is the most utilized herbicide worldwide in the maintenance of conventional agricultural crops, and lawns in parks. A growing number of studies have associated environmental GLY to different pathologies such as obesity, diabetes, heart disease, Alzheimer's disease, depression, and autism. Different fi sh species have been used for a long time as experimental biological models to measure the environmental impact of different substances. Therefore, the present study approached the possible association between the exposure to GLY / Roundup ® and the ecotoxicological impact on fi sh reproductive health. With this goal, we performed a comprehensive analysis of the literature and its content by systematic review of international databases. Two independent electronic searches were performed on Medline / PubMed and Scielo for identifying relevant studies published in English up to September 2019. The application of inclusion / exclusion criteria settled the boundaries for this systematic review and after qualitative analysis of the data; we found evidences that suggest a link between the exposure to GLY / Roundup ® with deleterious effects on reproductive health in eight different species of fi sh.
Introduction
or N-(phosphonomethyl)glycine has been a widely used herbicide during the last 30 years which destroys plants and microorganisms by inhibiting the shikimate pathway. It was considered as 'practically non-toxic and not an irritant' to both animals and humans since this biochemical route only exists in a small number of organisms that utilize the shikimic acid pathway to produce amino acids (e.g., green plants) [1, 2] . With all, a larger and growing body of literature has showed experimental evidence for potential adverse effects of GLY, its major metabolite aminomethylphosphonic acid (AMPA), as well as its commercial formulation Roundup ® in humans. Different groups have studied the potential deleterious effects of GLY / Roundup ® in the context of diverse and apparently unrelated human pathologies such as carcinogenesis and autism spectrum disorders (ASD), with particular interest on data suggesting mechanisms that may undergo undetected in traditional toxicology studies, such as disruption of microbiome balance endocrine system at very low concentrations [3, 4] . As for physiological conditions, most causes of developmental aberrancies in animals are thought to deal with multifactorial gene-environment interactions and probably one the most important factor currently affecting human health is the close exposure to pesticides [5] [6] [7] [8] [9] . In addition, various reasons have been hypothesized for the growing human infertility rate, and environmental pollutants have been associated with this change [10] [11] [12] . On the basis of current knowledge of reproductive biology and toxicology, it is clear that many chemicals affecting reproduction may elicit their reproductive toxicity at a number of sites in both the male and the female reproductive system, interfering with reproductive ability or capacity with subsequent effects on lactation and the development of the offspring [13] .
GLY is used for weed control in both cultivated and uncultivated areas and it is highly water-soluble [14] . This characteristic increases the risk for GLY and its adjuvants in their commercial formulation to contaminate surface and ground waters in application areas and therefore represents a serious threat to the ecological balance of the affected regions. As a model organism, some general characteristics make many fi shes valuable for pathological and toxicological studies with relevance in human health [15] and include: 1) high fecundity with externally fertilized, often transparent eggs, as well as relatively brief generation times (perfect feature for reproductive studies), and 2) easy exposure of aquatic animals to water-soluble compounds (e.g., contaminants, new drugs, and chemicals) through a relatively large epithelial surface area of gills and skin. Thus, in the present systematic review, we search for literature evidence regarding the potential interrelation between the exposure to GLY / Roundup ® and changes in reproductive health indicators of fi sh species.
Methods

Systematic review question
Is there an interrelation between the exposure to GLY / Roundup ® and changes in reproductive health in different fi sh species?
Search strategy
The literature was screened to fi nd published articles linking GLY / Roundup ® exposure to differences in reproductive health Indicators of fi shes. Comprehensive and systematic electronic searches were performed on Medline / Pubmed (https://www. ncbi.nlm.nih.gov/pubmed/) and Scielo (http://www.scielo. org/php/index.php?lang=es) databases by two independent investigators (IAC and FZC), started from 16 January 2018 until 20 September 2019. The following terms were used: ["Roundup" or "Glyphosate"]) AND ([Reproduction] or [Reproductive health] or [Fertility] or [Infertility]. Duplicate references were excluded and analyzed by the same two reviewers (IAC and FZC) based on inclusion and exclusion criteria. The authors performed a hand search of the reference lists from the selected published articles (in addition to the electronic search) to identify potentially missing studies / data that may deserve qualitative analysis in the present systematic review.
Selection criteria
Articles were included only if they dealt with evidence linking the exposure to GLY / Roundup® and changes in reproductive health in fi sh without time restrictions, based on the following inclusion criteria: a. Only studies published in English; b. Studies performed in fi sh species (male & female animals); c. Studies that allow access to their specifi c data; d. The most recent data will be preferred in case of duplication.
Selection of studies
The rigorous screening was independently conducted by two reviewers (IAC and FZC) with the predefi ned eligibility criteria above. Every study was identifi ed and classifi ed by its title and abstract to selection criteria. After initial screening of titles and abstract, the full articles were evaluated by the same reviewers. Situations of disagreement between authors were solved after discussion. For the second screening phase, the complete published article was read, analyzed, and discussed between both reviewers. Data regarding the study design and characteristics, sample size, year of publication, and limitations were collected from each included article.
Results and Discussion
The fi rst electronic screening (see Figure 1 displaying the fl owchart of the study selection) resulted in 148 titles from Medline / Pubmed and none from Scielo databases, in which no duplicated papers were found. Thus, a total of 148 articles were considered for potential inclusion. From those, 139 articles were excluded based on title and abstract (theoretical reviews and hypothesis with no experimental data were not considered), resulting in 10 full-texts that were identifi ed (1 additional full-text article was included by manual search), according to the inclusion criteria in this systematic review (Table 1 ). In total, eight different fi sh species corresponding to eight different families were utilized in the selected studies (e.g., Rhamdia quelen, Jenynsia multidentata, Poecilia vivipara, Danio rerio, Astyanax lacustris, Hypomesus transpacifi cus, Astrolebias nigrofasciatus, and Oryzias latipes) displaying changes in reproductive health indicators such as number of copulations, mating and hatching success, sperm quality, embryo mortalities and/or malformations, and number of copulations among others ( Figure 2 ). In 2007, Soso et al. showed that the eventual entrance of sublethal doses of GLY into the ponds may have deleterious effects on R. quelen reproduction; and additionally, that the chronic and/or repeated exposure to this pesticide can negatively alter R. quelen reproduction [16] . Five years later, Hued´s group demonstrated that acute and subchronic exposures to Roundup ® induced a diversity of gill and liver histological alterations in the neotropical fi sh J. multidentata that might impair normal organ functioning and also caused decreased sexual activity in male fi sh exposed to the herbicide for 7 and 28 days [17] . Furthermore, sperm quality seems to be also affected by Roundup® exposure. In this sense, a Brazilian study in 2013 showed detrimental effects in plasma membrane integrity and mitochondrial functionality in spermatic cells of P. vivipara induced by this herbicide at realistic concentrations, and thus capable of generating consequent changes in fi sh populations of P. vivipara [18] . Not only male individuals are affected but female gametocytes were also shown to have an impact after GLY exposure. In particular, the concentration of GLY used by Armiliato and colleagues (2014) , which corresponds to the maximal concentration of this herbicide allowed for Brazilian inland waters, was suffi cient to induce ovarian changes in D. rerio females associated with higher steroidogenic factor 1 (SF-1) expression [19] . As for Harayashiki´s study (2013) [18] in P. vivipara, the effect of GLY on sperm quality was also investigated in D. rerio in 2014 [20] . Interestingly, this was the fi rst study that demonstrated the harmful effects of GLY per sé in this fi sh, such as damaged sperm DNA, reduced integrity of the mitochondrial membrane and functionality, as well as decreased sperm motility [20] . In the same year, Uren Webster and collaborators demonstrated that both 10 mg/L Roundup ® and 10 mg/L GLY exert a similar adverse impact on embryo survival and hatching, while 10 mg/L GLY reduces egg production [21] . Further studies focused concentration that is within legal limits in U.S.A and even in the more stringent limit set in Brazilian law and studied the effects of low concentrations of GLY-based herbicide in A. lacustris. Goncalves et al. observed that some spermatic cells submitted to GLY-based herbicides were able to survive and kept alive, but sperm motility was not detected, leading a signifi cant lower sperm quality [22] . The application of herbicides has also been considered effective for limiting the growth of invasive aquatic plants. With all, the putative adverse effects of these herbicides on nontargeted organisms are not well studied and thus, the possible impact on aquatic ecosystems. [24] . In particular, 96 hours of exposure to the low and environmentally relevant Roundup ® concentration of 0.36 mg a.e./L can signifi cantly decrease fi sh fertility and its embryonic thermal tolerance [24] . Most of these reports [16] [17] [18] [19] [20] [21] [22] [23] [24] show evidence for direct toxicity and the question remaining would be whether exposures with low doses of GLY / Roundup ® may lead to adult onset toxicity through epigenetic-based mechanisms. At least one recent study from Smith and collaborators (2019) supports this idea and explains how Roundup ® and its active ingredient GLY may induce developmental, reproductive, and epigenetic effects such as changes in the expression of reproductive genes in the brain, genes Involved in sex differentiation and gonad development of Japanese medaka (O. latipes) [25] . For humans, sources of exposure to GLY / Roundup ® are numerous and affect a large segment of the general population. Those ones include dermal exposure from residential and commercial use, as well as inhalation through spray drift in high farming areas and through food consumption [26, 27] . On the other hand, fi sh models provide a number of exceptional advantages for biomedical research: 1) they require small laboratory infrastructure and can be bred and maintained in large numbers easily and at low cost, 2) they offer the chance to combine the analytical clarity of developmental biology with the power of genetics, and fi nally 3) that transgenic lines can be quickly generated [28] . We believe that the toxicological data in fi sh models presented in this systematic review suggest the need for further studies exploring the effects of GLY / Roundup ® on reproductive health in humans.
Conclusion
The results of the present systematic review demonstrate an association between GLY / Roundup ® exposure and deleterious effects in fi sh reproduction refl ected in dramatic changes in indicators of reproductive toxicity, and also provides a signifi cant insight into ecological risks rendered by GLY and Roundup ® exposure. Most importantly, we believe that further studies should be performed to elucidate any potential parallelism in the context of human reproductive health. Argentina 21643816 Adult male and female individuals of the common native species exposed to a sublethal Roundup ® concentration (0.5 mg / l) for 7 and 28 days
Figure Legends
Jenynsia multidentata
Roundup ® also altered the normal histology of the organs studied and caused a signifi cant decrease in mating number and mating success in male fi sh exposed to the herbicide Brazil 24617544 Ovaries (n = 18 per triplicate) were exposed to glyphosate for 15 days
Danio rerio
A signifi cant increase in oocyte diameter was observed after glyphosate exposure (65 μg / L) and the presence of concentric membranes, appearing as myelin-like structures, associated with mitochondrial outer membranes and with calf granules. In addition, higher expression of steroidogenic factor-1 (SF-1) was found in oocytes, suggesting a relationship between oocyte growth and SF-1 expression. 
Astyanax lacustris
The authors showed that relevant environmental concentrations of glyphosate-based herbicides (50 μg l -1 , 300 μg l -1 , and 1800 μg l -1 ) can affect the sperm quality of Astyanax lacustris fi sh. Sperm viability was impaired by 300 μg l -1 , a concentration that is within legal limits in US water bodies, while motility was impaired by 50 μg l -1 , which is the strictest limit established by law. 
Hypomesus transpacifi cus
The authors found that 17β-estradiol concentrations were signifi cantly increased in female and male fi shes exposed to 0.21 μM fl uridone and in male fi shes exposed to 0.46, 4.2, and 5300 μM glyphosate. GSH concentrations decreased in males exposed to 2.8 μM of fl uridone and higher concentrations, and 4. 
Austrolebias nigrofasciatus
The results showed that fi sh couples exposed to 0.36 mg a. Roundup® e./L produced fewer but larger embryos. In addition, embryos exposed to 3.62 mg a. Roundup® e./L had a reduced proportion of pigmented embryos 30 days after exposure. In addition, embryos exposed to 0.32 mg a. Roundup® e./L had a critical maximum thermal reduction of 2.6 °C and was more sensitive to smaller increases in heating rates. Their data indicated that Roundup® has negative results on fi sh reproduction and embryonic development Developmental and epigenetic effects of Roundup and glyphosate exposure on Japanese medaka (Oryzias latipes)
Smith et al., 2019
USA 30875550 Embryos were exposed to 0.5 mg/L glyphosate, 0.5 mg/L and 5 mg/L Roundup® (glyphosate acid equivalent) for the fi rst 15 days of their embryonic life and then allowed to sexually mature without further exposure
Oryzias latipes
Relevant concentrations of both Roundup® and glyphosate caused developmental abnormalities and epigenetic alterations in post-hatch medaka and alterations in expression of genes critical for reproduction in adulthood
